use to defend their territories (14) . Males defend their territories during simulated intrusions of 1 0 0 conspecifics, but not from sympatric male capuchinos of other species (18) . The species in the 1 0 1 group are otherwise indistinguishable morphologically (19, 20) (and very similar ecologically 1 0 2 (21, 22)), to the extent that females and juveniles lacking male secondary sexual characters 1 0 3 cannot be identified to species even in the hand (14, 15) . Despite their phenotypic diversity in and except for S. bouvreuil cannot be assigned reliably to species even using thousands of 1 0 6 genome-wide SNP markers (15). This genetic homogeneity is a result of the groups' recent 1 0 7 origin during the Pleistocene, and likely the product of both incomplete lineage sorting and 1 0 8 ongoing genetic admixture (14, 15) . The apparent genetic homogeneity among southern 1 0 9 capuchinos, despite their distinct phenotypes that are maintained in sympatry, led us to 1 1 0 hypothesize that these species differences in male plumage may be the result of strong selection 1 1 1 at a few key loci. We therefore sequenced the genomes of the nine southern capuchinos with the 1 1 2 objective of locating such loci and to test whether the same targets of selection have shaped 1 1 3 phenotypic diversity independently across different species. Individual capuchinos clustered by species in a PCA derived from 11.5 million SNPs, yet the 1 1 8 percentage of variation explained by the first two principal components was low, suggesting that 1 1 9 a small proportion of these SNPs could be driving the pattern (Fig. 1B, Fig. S1 ). To search for 1 2 0 divergent areas of the genome we compared F ST values for non-overlapping 25 kb windows 1 2 1 across the ten possible pairwise comparisons of five species (those for which our sample sizes 1 2 2 were larger). The mean differentiation across all windows/comparisons was low (mean F ST = 1 2 3 0.008 and SD = 0.015 across ~43.5 thousand windows), yet we found a number of divergence bottom comparison (hypox vs. pal) had an order of magnitude fewer (0.03%) and compared two 1 2 8 species with highly overlapping ranges. All other pairwise comparisons had a number of 1 2 9 divergence peaks that ranged between the extremes shown in Fig. 1C (Fig. S2 ). We identified a 1 3 0 total of 25 divergence peaks with elevated F ST (>0.2) that are candidate targets of selection 1 3 1 driving species differences among capuchinos (Table 1) ; these peaks range in width from 25 to 1 3 2 840 kb (average ~243 kb, inset in Fig. 1C ). SNPs from these divergence peaks alone can be used 1 3 3 to assign individuals to species in a PCA (inset in Fig. 1B ). We found 99 SNPs that were fixed 1 3 4 (F ST =1) in at least one comparison across all pairwise combinations of five capuchinos; these 1 3 5
represented 65 different sites in the genome. Because our sample sizes were low for the 1 3 6 remaining capuchino species (bou, cin, hypoch, ruf), we did not use them to identify divergence 1 3 7 peaks. A PCA using the SNPs from under the peaks showed some overlap between taxa when 1 3 8 we included all nine species (Fig. S1 , mainly between ruf/hypox and bou/pil). It is therefore Next we asked if the same divergence peaks were involved in differentiation across with the ten different pairwise comparisons overlaid. Although no single area of the genome (i.e., 1 4 5 differentiation peak) was present in all comparisons, many are found in multiple comparisons. For example, the peak in Fig. 2A was present in nine out of the ten comparisons, many of which 1B shows four clusters of haplotypes in the region under the most common peak in our dataset. Other divergence peaks varied in the species they were present and the extent to which they We identified a total of 246 gene models within these divergent areas of the genome (an 1 5 5 average of 10 per divergence peak), 156 of which matched genes of known functions in other 1 5 6 species. We performed an enrichment analyses to understand if genes in this list were 1 5 7 predominantly involved in certain pathways. The most prominent hit was the melanogenesis 1 5 8 pathway (KEGG pathway analysis, p= 2.0E-3). We found nine melanogenesis genes in eight 1 5 9 different divergence peaks ( Table 1 ). The peak containing the gene coding for the Agouti-1 6 0 signaling protein (ASIP) had the largest number of highly divergent SNPs in our dataset: 30% of 1 6 1 all observed SNPs with F ST >0.85 and 58% of all SNPs with F ST =1 (Fig. 2C ). Accordingly, this 1 6 2 was the peak that showed the greatest increase in absolute sequence divergence (measured using 1 6 3 the Dxy statistic) when comparing the region under the peak to the areas on the same scaffold 1 6 4 outside of the peak (Fig. S5 ). Other peaks contained a smaller number of these highly divergent in Table 1 ). The right panels in these figures indicate the position of these SNPs with respect to 1 7 0 the closest gene models. We also identified three peaks that together accumulated 30% of the 1 7 1 observed highly divergent SNPs and did not contain melanogenesis genes (Fig. S4 ), however one 1 7 2 of these peaks contained the gene HERC2. An intron within this gene functions as an enhancer that could be easily associated to plumage or other phenotypes (Fig. S4 ). The remaining 14 peaks 1 7 6 (Table 1) accounted for only 10% of the observed highly divergent SNPs. Finally, because the 1 7 7
Melanocortin 1 Receptor (MC1R) is known to affect plumage coloration in many bird species 1 7 8 and interact directly with ASIP (24), we asked if this gene showed divergence among capuchino 1 7 9 seedeaters and had been overlooked in our analysis. MC1R was present in our reference genome 1 8 0
assembly, yet did not show differences in any of the pairwise comparison across our five 1 8 1 capuchino species (Fig. S6 ). Nearly all the fixed sites we observed (99%) were located in non-coding areas of the 1 8 3 genome. The most common peak in our dataset concentrated 58% of these fixed differences 1 8 4 within several thousand kb up and downstream of the ASIP gene ( Fig. 2C ). We found that these 1 8 5 areas contained positions that were highly conserved across the genomes of distantly related to certain positions on the exons of ASIP ( Fig. S7 ). It is therefore likely that these regions be true for the other differentiated regions found in close proximity to genes. Despite their striking differences in male plumage, southern capuchino seedeaters are 1 9 4 differentiated only in a small proportion of their genomes. The identity of these rare 1 9 5 differentiated genomic regions differs somewhat among capuchinos, yet in many cases the same 1 9 6 divergent regions are present in comparisons across many pairs of species. This convergence of 1 9 7 differentiation across multiple independent pairs of species implies that selection has acted 1 9 8 repeatedly in different lineages on the same genomic targets to shape phenotypes. Many of the most highly differentiated areas of the capuchino genome contain genes that More generally, we observe narrow divergence peaks in different components of the warblers (28)). The differences we observe in capuchinos are mostly in non-coding areas of the 2 0 8 genome, therefore our findings are consistent with the evolution of cis-regulatory elements. These regulatory elements may vary by species, yet control the expression of the same set of 2 1 0 genes, generating the strikingly different phenotypes we observe in the capuchinos. In particular, 2 1 1 the regulation of the expression of melanogenesis genes may lead to pigmentation differences 2 1 2 across the plumage patches (e.g., throat vs. back) that appear to vary somewhat modularly across 2 1 3 capuchino species (Fig. 1A) . Three factors could have contributed to the rapid evolution of phenotypic diversity in the 2 1 5 capuchinos. First, a very large effective population size was inferred for the ancestor of the 2 1 6 radiation (15). The amount of genetic variation a population can sustain is proportional to its 2 1 7 size, with large populations providing more possible substrates for rapid evolution from standing 2 1 8 genetic variation to take place (29). Additionally, differences could have accumulated among 6 species in allopatry and eventually been exchanged via hybridization, leading to novel 2 2 0 phenotypes as has been described for Heliconius butterflies (30). In particular, the differentiation 2 2 1 and exchange via hybridization of regulatory elements that control the expression of more 2 2 2 conserved genes has been found to drive phenotypic diversity in Heliconius (31). A similar 2 2 3 situation could have contributed to phenotypic diversity in the capuchinos, which also show 2 2 4 modular variation in their plumage, with the same patches having different colors depending on 2 2 5 the species (e.g., throat, back or belly can be black, white, cinnamon or rufous in different 2 2 6 species; Fig. 1A) . Finally, 10 out of the 25 divergence peaks that we identified are located on the 2 2 7 Z chromosome. Sex chromosomes are known to evolve faster than autosomes because of their 2 2 8 smaller effective population size (32). Moreover, sex chromosomes may also be particularly 2 2 9 relevant to speciation (33), as suggested by Haldane's rule, where the heterogametic sex is 2 3 0 commonly inviable or missing from hybrid crosses (34). For both reasons divergence in genes 2 3 1 located on sex chromosomes could have facilitated rapid evolution in capuchinos.
3 2
We have identified genomic substrates that lead to phenotypic diversity in capuchinos, are linked to other loci for which the connection between genotype and phenotype is harder to 2 3 8 make, and we do not understand the contribution of these additional genes to species differences. It is possible that prezygotic isolation via mate choice is strong enough to maintain the 2 4 0 phenotypic integrity of capuchino species even though many species breed in local-scale 2 4 1 sympatry. However, we also cannot at this point discard the possibility that postzygotic 2 4 2 incompatibilities exist between species, perhaps associated with these same divergent regions of assessing genome assembly and annotation completeness with single-copy orthologs. for the 25 divergence peaks we identified. arrows. Names in red note genes involved in the melanogenesis pathway. (D, E, and F) As 4 6 0 above, for the divergence peak on scaffold 412. (G, H, and I) As above, for the divergence peak 4 6 1 on scaffold 404. (J, K, and L) As above, for the divergence peak on scaffold 257. (K and L) The 4 6 2 top plot corresponds to the peak labeled "A" and the bottom one to the peak labeled "B" in (J).
6 3
Annotations with question marks did not match genes with known names. Total of 257 annotations of which 246 were unique and 11 were predicted more than once. Approximately 63% (156) of the unique annotations matched a record in the UniProt database with a known name and function.
